The usefulness of multiconfiguration self-consistent-field (MCSCF) calculations in computing correlated proton transfer potentials is investigated for the systems HFi, H 7 Nt, H 3 0i, and
I. INTRODUCTION
Because of its fundamental nature and its prevalence in various important chemical and biological reactions, the proton transfer process has been the focus of increasing attention.
1 -S A number of ab initio quantum chemical calculations have been addressed to evaluation of the potential energy surface for the transfer of a proton from one molecule to another across a pre-existing hydrogen bond. Past work has indicated that electron correlation introduces significant perturbations into the Hartree-Fock potentials.6-16 The majority of correlated studies of proton transfers have utilized the M0ller-Plesset perturbation technique6-ll; other methods investigated have included coupled cluster and configuration interaction. 12 -16 Common to these approaches is the assumption that a single electronic configuration can serve as an adequate reference state. While these methods appear to suffice, it would be interesting to examine an alternate approach involving multiple configurations. The central objective of this communication is an analysis of the possibility of using muIticonfiguration self-consistent field (MCSCF) methods to calculate proton transfer potentials in an efficient and accurate manner. Such a test has not been carried out as yet in the literature. One strength of this method is its ability to focus in on the correlation associated with particular orbitals. A prime drawback of MCSCF, however, is the necessity to make an arbitrary choice as to which molecular orbitals to include in the expansion. This work hence includes a systematic examination of the effects upon the transfer potential of including various classes and groupings of orbitals in the MCSCF expansion.
A standard Hartree-Fock calculation yields canonical molecular orbitals which are delocalized over the entire complex. These molecular orbitals (MOs) can be transformed into a set of orbitals which are much more concentrated in one region or another of the system by a localization procedure. Another question considered is whether such a localization offers a superior framework for the MCSCF machinery in the particular case of the proton transfer process. For example, can the MCSCF procedure be accomplished more efficiently using the localized MOs representing the X-H bond and the Y lone pair, as compared to a larger number of de10calized MOs?
A multiconfiguration method yields a certain fraction of the total correlation energy; the remainder may be recovered by a configuration interaction (CI) approach. There are several starting points for the CI calculations, some of which may be superior to others. In a companion paper, we compare several options. The first is a simple CI expansion using the Hartree-Fock wave function as a single reference. A second uses a MCSCF wave function as a multiconfiguration reference which will also provide information about the viability of single configuration correlation schemes such as M011er-Plesset. In the same spirit of searching for efficiency, we investigate the dual possibilities of performing this preliminary MCSCF in the framework of either canonical or localized MOs.
II. COMPUTATIONAL DETAILS
Most of the calculations discussed here were performed using the general atomic and molecular electronic structure system (GAMESS) Y The primary focus of this work concerns the MCSCF method,18 as implemented in GAMESS. All calculations reported here use the full optimized reaction space (FORS), which includes all possible combinations of electron excitations from the chosen occupied to the chosen virtual orbitals. As a result, the number of configurations included in the calculation rises dramatically with increase in the number of orbitals selected. Our version and implementation of GAMESS allows approximately ten orbitals to be included in the reaction space. Localizations were carried out using the Boys criteria,19 as implemented in the program. was used to carry out the M011er-Plesset calculations. The calculations presented employ the split valence 4-31G basis. 21 Of course, the results with this basis set cannot be taken as definitive values of the transfer barriers but the spirit of this paper is directed more along the lines of examining the merit of each individual computational method rather than determination of a precise barrier of experimental quality. In that vein, the specific basis set choice is less critical than the consistency and reproducibility of the calculated barriers.
The energy barrier for proton transfer is investigated for four symmetric H-bonded complexes, HFi, H 7 Nt, H 30i, and H50t. The transfer barrier is evaluated as the difference in energy between the midpoint of the transfer and the starting (or ending) point. The rigid molecule approximation is applied so that only the central hydrogen atom is allowed to move during the transfer. All other bond angles and lengths remain constant throughout the transfer. Previous studies have indicated that this is a reasonable approximation for these systems. 22 -24 The midpoint structure is that in which the central hydrogen atom is placed halfway along the F-F, 0-0, or N-N vector. For the end-point structure, the distance of the bridging hydrogen from the donor atom, along the same axis, is determined by a 6-311 G** optimization. He is used to designate the central hydrogen undergoing the transfer while the terminal hydrogens are denoted Hr
The following geometrical parameters were used to construct the complexes. For HFi, the F-F distance was set equal to the observed value of 2.28 A,25 resulting in a midpoint F-Hc distance of 1.14 A. The optimized endpoint structure is somewhat arbitrary for this complex since the potential contains only a single and symmetric minimum. The hydrogen position for the starting point was arbitrarily set slightly closer to one of the fluorines, at a distance of 1.113 A (the transfer potential is extremely flat for longer distances). The midpoint structure has D 00 h symmetry, while that of the end point is C oov • The geometry around each nitrogen atom of H7Nt is tetrahedral with r(NH) equal to 1.00 A. The two tetrahedra are staggered with R(N-N) =2.95 A. The N-He distances are 1.475 and 1.043 A in the mid and end-point structures, respectively. The symmetry of the midpoint is D3d and the endpoint is C 3v ' The length of the bond between the oxygen and each terminal hydrogen (H t ) in H30i is 0.957 A, and each O-H t bond makes an angle of 104.5" with the 0-0 axis; the two terminal hydrogens are in a trans arrangement with respect to the 0-0 axis. The oxygen atoms are separated by 2.74 A, with r(OH) equal to 0.997 A in the end-point structure. Even though the midpoint structure is formally of C 2h symmetry, the calculations were limited to CS' The end-point structure has C s symmetry.
In each OH 2 subunit of H 5 0t, the O-H t distances are 0.957 A and the HPH t angle 104.5". The HOH bisectors are disposed 120· from the 0-0 axis, trans to one another. The 0-0 distance is again 2.74 A. The distance from the nearest oxygen to the central hydrogen is 1.012 A in the starting structure. The symmetries are C 2h and C s for the mid and end-point structures, respectively. As with H 3 0i, only C s symmetry is explicitly used in the calculations. As a yardstick of the accuracy of a given calculation, comparisons can be made of the calculated barriers with those found using other methods. Table I reports the barriers computed for each system at the SCF level with the 4-31 G basis set as well as the results at various levels of M011er-Plesset perturbation theory. The negative barriers listed for FHF-refer to the greater stability of the midpoint than of the somewhat arbitrary end point since the transfer potential of this system contains a single symmetric well. The trend observed in each case is that MP2 lowers the barrier quite substantially relative to SCF. It is raised a bit by MP3 but lowered again at the MP4 level, all in accord with trends noted previously. 16,26,27 The data using the larger 6-311 G** basis set 28 are included to indicate how changing the size of the basis affects the calculated proton transfer barrier at various levels of correlation. In the following, we will consider the MP4/4-31G results as a sort of benchmark by which to judge the accuracy of the various calculations, also based on 4-31G.
III. MCSCF CALCULATIONS
Before discussing the calculations, the SCF orbitals will be summarized. The systems investigated here are isoelectronic, each having 10 occupied orbitals. The MOs in the midpoint geometry represent either symmetric or antisymmetric combinations of the two subunits, with equal weight. The MOs are considerably more localized in the end-point configurations, where each orbital pair consists of two similar orbitals, one located primarily on each subunit. The first two MOs are composed of the Is orbitals on the first-row atoms, leaving eight valence orbitals. The third and fourth MOs are similar in character except they involve the 2s rather than Is functions of F, 0, or N, and the terminal hydrogens. The symmetric MO of this pair also contains a certain contribution from the central hydrogen. The next six MOs incorporate primarily the p orbitals of the first-row atoms and terminal hydrogens where symmetry-allowed.
A prime issue with the MCSCF approach is proper selection of a small number of orbitals to include in the expansion which produce the desired types of correlation. In the case of the proton transfer process, the focus of interest is the X-He bond of the proton donor and the pertinent lone pair of the acceptor molecule. In principle, the MCSCF results depend upon the number of occupied and virtual orbitals of each symmetry that are included in the active space. However, the situation may be complicated by the presence of additional local minima that can trap the calculation in a different correlated space, producing undesired results. It is therefore necessary to examine the orbitals resulting from each MCSCF calculation. One might reasonably suppose that only orbitals which belong to a symmetry designation capable of interacting with the central hydrogen need be included in a MCSCF evaluation of the transfer barrier. This assertion was tested by performing three types of calculations. A first group of orbitals to include in the excitation procedure is a partial set of those which cannot interact with He. A second choice involves a more complete set of noninteracting orbitals, viz., all of the noninteracting occupied orbitals and their corresponding virtual MOs. A third choice builds on the second in that, in addition to a complete sample of noninteracting orbitals, one includes occupied or virtual orbitals that may interact. As an additional test, this group may also include combinations of occupied noninteracting and virtual interacting orbitals (and vice versa) .
Since the basis of the central hydrogen consists entirely of s orbitals within the context of the 4-31 G basis set, He can participate (in the midpoint geometry) only in MOs which are symmetric with respect to a plane perpendicular to the H-bond axis. Additional orbitals are able to interact in the case of the end point due to its lower symmetry. As both HFi and H7Ni contain an axis of symmetry coincident with the X-H-X axis, only the molecular orbitals consisting primarily of the atomic F and N 2s and 2pz orbitals, of a or a-type symmetry, are able to interact with the central hyct"rogen. The orbitals containing the F and N 2px and 2py atomic orbitals are orthogonal to this axis and belong to the 1T or e symmetry designations and hence cannot interact with the central hydrogen. In contrast, the O-H-O axis of H 5 0t and HP2" is not a proper rotation axis. There is, however, a symmetry plane which contains the O-H-O line as well as the terminal hydrogens in H 3 02"; it bisects the Hr-O-H r angles in H50i. The six 2s, 2px, and 2py orbitals contained in this plane can interact with the central hydrogen, while the two 2pz orbitals perpendicular to this plane cannot. In these systems, it is the a" orbitals which are prohibited from interacting with the central hydrogen while interaction with a' is allowed.
A. Noninteracting orbitals
The results of a series of calculations using noninteracting orbitals are listed in Table II . For HF2", the first four computations reported use one of the two occupied 1T pairs of orbitals along with one of the virtual1T pairs. Each of the midpoint calculations produces a different energy. Only two different energies arise for the' end-point geometry, suggesting there is one local minimum for each pair of occupied MOs. Regardless of the particular combination of orbitals, the transfer barrier is quite high, ranging between 17.8 and 19.4 kcal/mol. This result reflects a strong imbalance since the SCF data indicate a single symmetric minimum in which a central position of the proton is favored. That is, the barrier computed as the energy difference between the two proton positions should yield a negative barrier, a result confirmed by Table I . Rows 5 and 6 of Table II add another pair of virtual1T MOs to the set while 7 and 8 add a pair of occupied 1T MOs. Either expansion results in a small reduction in the barrier to the 12-14 kcal/mol range by increasing the midpoint correlation without significantly increasing that for the end point. A much better result is achieved if all four pairs are included, as in the next calculation which produces a negative barrier, equal to the SCF value. Addition of two a MOs in the next calculation lowers the energies of both structures slightly, but by similar amounts, leaving the barrier little changed.
As in the HFZ" case, use of only one pair of occupied and vacant e MOs yields a barrier much too high in H 7 Nt, as may be seen by the first row of that portion of Table II. Expanding the list to all four pairs lowers the barrier to a more realistic result, within 0.1 kcal/mol of the SCF value, and again, addition of either occupied or virtual a-type MOs, which can interact with the central hydrogen, have minimal effect on the barrier.
The situation for the oxygen-containing systems is somewhat different in that there are only two occupied a" MOs prohibited by their symmetry from interacting with the central hydrogen. Taking these two and adding one a" virtual produces a rather high barrier, as in the first two calculations for H 3 0Z" and HsOt. Adding a second vacant a" reduces the barrier to within 0.1 kcal/mol of the SCF value in either case. This barrier undergoes very little change thereafter whether more vacant a" MOs are added or if the vacant list includes a' MOs. The differing individual energies for each particular combination indicates there is no local minimum trapping the MCSCF procedure.
The high barriers can be attributed to a preferential stabilization by the MCSCF procedure of the end point of the transfer in comparison to the midpoint. This preference may be associated with the change in character of the individual MOs as the proton is transferred. For instance, the I1T ux and I1T uy MOs of HFZ" distribute themselves evenly among all four atomic Px and Py orbitals in the midpoint structure, while in the end-point structure they are concentrated on the P orbitals of the proton donor atom. Excitation from these MOs will therefore be similarly concentrated on the donor atom in the end-point structure in comparison to the midpoint. However, the (l1Tgx, 11T gy) pair undergoes a reverse polarization in which density accumulates on the acceptor rather than the donor. Combination of the latter pair with (11T ux' I1T Uy) can offer a more balanced framework. Indeed, use of both pairs in the excitation list, along with the four corresponding virtual MOs does result in a much lower barrier (see calculation 9), near the SCF value. The same situation applies to H7Nt where the (le ux , le uy ) pair must be combined with (le gx ,le gy ) to achieve the necessary balance. Similar conclusions are reached for H 3 0Z" and HsOt where balance requires la" and 2a" as occupied MOs (coupled with appropriate virtual pairs).
In total then, when one utilizes a complete treatment of orbitals that are not symmetrically disposed to interact with the transferring hydrogen, the SCF barrier is obtained, indicating that the hydrogen position is not an important factor in the amount of correlation resulting from these orbitals. As a result, they need not be included in the allowed excitations of these calculations. However, erratic results arise from an incomplete treatment. The barriers are considerably higher than better correlated calculations would indicate and even higher than the uncorrelated SCF results.
B. Interacting orbitals
We now shift our attention to those orbitals which are allowed by symmetry to interact directly with the central hydrogen. In the case of the linear (F-H'" F) -system, these are a orbitals. In order to generate a balanced set of MOs for the MCSCF expansion, we list in Table III the atomic populations obtained for individual MOs. For example, the first row of Table III shows that the atomic population of the proton donor F atom within the 3a g MO in the end-point configuration of (F-H'" F) -is 0.952, as compared to only 0.705 on the acceptor atom. On the other hand, the 3a u MO is of opposite polarity, i.e., the acceptor F atom is more heavily populated than the donor. When summed together, these two MOs lead to very nearly the same total popUlation on the two F atoms, as may be seen in Table III . Moreover, this total of 1.819-1.837 is quite close to the population of 1.828 on the F atoms in the midpoint geometry. In addition to insuring that the populations of the donor and acceptor atoms are not changed drastically, it is also important that the same be true of the transferring hydrogen itself. Table III shows that the population of this atom within the (3ag>3a u ) pair is 0.344 in both the end-point and midpoint geometries. The (3ag>3a u ) pair may hence be thought of as "balanced." Augmentation by the 2a g MO destroys this balance but it is regained if the 2a u MO is also included in the set.
Similarly, the (2alg>2a2u) pair of H7Nt balances out the populations in the two N atoms fairly well; the central proton participates in this pair only to a small degree, with population < 0.04. The (3alg>3a2u) pair, on the other hand, contains high participation by this hydrogen (> 0.4) although the balance between the N atoms is not as good in the (3alg>3a2u) pair. Including both pairs leaves the hydrogen well populated and improves the balance between the N atoms [compared to the (3alg>3a2u) pair]. Other combinations listed in Table III leave substantially more density on one N atom or the other.
Due to the lower symmetry of H 3 0Z", there are only two occupied orbitals which are prohibited from interacting with He. Because of their low energy, we exclude the core and the 2s-based orbitals, leaving four occupied a' MOs. The Sa' and 7a' MOs are concentrated on the proton donor 0 atom (in the end-point structure) while the acceptor is represented by 6a' and 8a'. A pretty good balance, in terms of the two oxygen atom populations as well as He> results when all four MOs are combined. The data listed in Table III for HsOt indicate that taken together, the (7a',8a') pair is capable of balancing the donor and acceptor atoms rather well; however, there is little interaction with the bridging hydrogen within this pair. The balance is less complete for (Sa' ,6a') which does involve the hydrogen. Unlike H 3 0Z", when both pairs are considered the donor and acceptor remain unbalanced with popula- 'Symmetry designations correspond to the midpoint structure, except those within parentheses which correspond to the end-point structure.
tions of 3.48 and 3.71, respectively. The imbalance is due to a shift in the 0 lone pair density as the hydrogen is transferred. As mentioned above, there are multiple local minima accessible through the MCSCF procedure. The desired minimum contains mainly "proton transfer" correlation attributed to the X-He bond and the acceptor lone pair, resembling a Pu orbital, oriented along the H-bond axis. We wish to avoid nonproductive correlation involving, for example, the terminal H atoms, even though the resulting total energy may in fact be lower in such a case.
Identification of the multiconfigurational HartreeFock (MCHF) natural orbitals 29 that result from the MC-SCF procedure allows one to focus on the orbitals thought to be most pertinent. Terminal hydrogen incorporation is determined by inspection of the coefficients of the active MCHF natural orbitals. HI interaction is considered significant if any atomic orbital coefficient is > 0.1. Extraneous lone pair correlation is avoided by minimizing the p" character of the orbitals that are included in the MCSCF active space, where p" refers to p orbitals that are oriented perpendicular to the H-bond axis. For each of the complexes studied, several combinations of orbitals, which are detailed in Tables IV-VII, are included in the MCSCF active space to determine which produce the desired correlated space.
Table IV lists the total energies of both the end-point and midpoint geometries of HFi. Also included is the summation of the occupations of the virtual natural orbitals included in the expansion which provides a measure of the amount of correlation resulting from including these virtuals in the expansion.
The first five rows in the table lead to the same energies for both the end-point and midpoint geometries, indicating that each combination of one occupied and one virtual u g MO yields the same local minimum. The character of the active occupied orbital is identical for each calculation; it is a bonding interaction of He with the appropriate combination of fluorine sand pz orbitals, referred to as the Pa-The virtual natural orbital is similar except it is antibonding and has more He character. When additional u g virtuals are included, the second NO is similar to the first but with much smaller occupation; hence little additional correlation energy results. Only when orbitals of opposite parity are added does the amount of productive correlation significantly increase due to creating active orbitals which have different character. The additional occupied and virtual natural orbitals have Pu character similar to the original, but the relative orientations are such that there is a node at He. Even though the added orbitals have no He character, they are vital to an accurate representation of the proton transfer process.
The energies and resulting proton transfer barriers from the best MCSCF calculations for each of the complexes are given with respect to active space size in Table  VIII . The best computation was defined as that which yields the maximum amount of correlation without significant HI or p" character.
The reader should be reminded that since the transfer potential for HFi is of the symmetric single well type, the true barrier calculated in this way should be negative. When two occupied orbitals are included in the MCSCF active space, a negative barrier consistent with the MP results of Table I is produced. However, when four occupied orbitals are included the barriers are positive and erratic. The difficulty in obtaining a reasonable barrier in this case is due to a large contribution of the symmetric combination of each fluorine's lone pairs in the occupied set. The relative proportion of donor and acceptor character for the fluorine lone pairs differs for the two structures, resulting in an inconsistent treatment of the interaction when they are included in the active space. The total energies and virtual NO occupancy summations are presented in Table V for H7Nt along with the largest HI coefficient of the corresponding orbitals. The first eleven rows contain the results obtained using two occupied orbitals, either (2a1g>2a2u) or (3alg>3a2u)' The MCSCF energy for the midpoint structure does not depend on which occupied pair is used; each produces the same value for a given virtual orbital combination with only one exception. Similar to HF2', both active natural orbitals, either occupied or virtual, possess N Pa character with one having He interaction and the other a node at He. There is no significant terminal hydrogen involvement in most cases. In some cases where a third virtual MO was added, HI makes a significant contribution but the occupancy is very low, < 0.0002.
Unlike the midpoint, the end-point results do depend upon which pair of occupied orbitals is used. The lower energy pair incorporates significant HI correlation into both the occupied and virtual natural orbitals for any choice of virtuals while the higher energy pair does not. The calculations involving three occupied orbitals are less consistent. While certain combinations lead to identical minima for the midpoint geometry, others do the same in the end point. The inconsistency is due to the occupied orbitals not being balanced between the donor and acceptor atoms, which results in a different correlated space, and thus different natural orbitals, as the central hydrogen moves along the H-bond axis. Although the occupied group containing all four appropriate orbitals is balanced, the results are unpredictable. Only one calculation for either structure avoids terminal hydrogen contributions.
Unlike the HF2' complex where the barriers are highly dependent upon the number of occupied MOs, Table VIII reveals much better consistency for H7Nt. The calculated barriers are reasonable, midway between the SCF and MP values. Addition of either occupied or vacant MOs has only a small influence on these quantities. The consistency is due in part to the greater ease with which terminal hydrogen character may be eliminated from the active space in the case of H7Nt than P1T can for HF2'.
It is not sufficient to simply exclude virtuals that have HI character from the oxygen-containing complexes; one must also examine the relative proportion of P1T and P<r The Pa orbitals are central to the transfer but the terminal hydrogens can interact with the oxygen only if P1T orbitals are included. As a result, significant virtual P1T character is a mark of unproductive correlation. While only three virtual orbitals meet the above criteria, additional combinations are tested to guarantee productive combinations are not overlooked.
The calculations for H 3 02' reported in the first four rows of Table VI utilize only one occupied orbital, and the results hence favor the end point due to the imbalance between the acceptor and donor. Only two local minima are found for the midpoint and end-point geometries. The next nine calculations describe three different combinations of two occupied orbitals. The (5a',7a') and (6a',8a' ) combinations produce inconsistent results, all of which have a large amount of HI correlation (coefficients ;;;,0.4). The third combination, (5a',8a'), is more consistent in that two of the three energies are equal, and have little terminal hydrogen character in the NOs. The third (5a',8a') computation has less correlation due to the two virtual orbitals being too similar in character to allow sufficient flexibility.
The last six combinations, which use all four appropriate occupied orbitals, lead to two possible local minima for either the midpoint or end-point geometry. They also result in substantial HI correlation for any combination of virtuals. No balanced combinations are able to completely eliminate terminal hydrogen correlation. When the occupied combination (5a',8a') is used with two of the appropriate virtuals, the amount of HI correlation incorporated is nearly equivalent in both structures. The barrier calculated in this case is 3.96 kcallmol, as reported in Table  VIII , in the regime bordered by the SCF and MP results.
The first three calculations for HsOt in Table VII confirm that including one occupied orbital biases the results towards increased end-point correlation. Two combinations of two occupied orbitals are tested. The quality of the results depends on which pair is used. The (Sa', 6a' ) combination yields better results than the (7a',8a') pair. Correlated space without HI incorporation is obtained for both midpoint and end point using (5a',6a') and two virtuals. The midpoint produces two different correlated spaces, one having less correlation again due to the virtual orbitals being too similar. When (Sa' ,6a') and four virtuals are included in the active space, some terminal hydrogen incorporation results. However, the amount is small enough to consider it an acceptable calculation.
Unlike H 3 02', either two or four virtual orbitals can be included in the active space without incorporating significant P 1T or HI character. The barriers calculated are 4.16 and 3.79 kcallmol for two and four virtuals, respectively. These values are satisfactory, being slightly larger than those for H 3 02', as seen for the MP results as well. In addition, as with H7Nt the barrier decreases by ~0.4 kcal/mol when flexibility is added by increasing the size of the active space.
Overall, the correlated space, and thus the quality, of a MCSCF calculation is sensitive to the choice of orbitals that are included in the active space. When the correlation is concentrated in orbitals directly involved in the proton transfer process, consistent results are obtained, provided there is a proper balance between the donor and acceptor. Our results indicate that only orbitals which are allowed by symmetry to interact with the transferring hydrogen need be included in the MCSCF active space. However, not all orbitals with the proper symmetry lead to the correct correlated space. Care must be taken to exclude those orbitals, either occupied or virtual, that can introduce interactions other than those pertaining directly to the proton transfer. Using virtual orbitals in addition to one appropriate antibonding counterpart of each occupied orbital lowers the barrier by allowing more correlation to occur without introducing new types of correlation. Finally, it should be noted that it can be difficult to determine in advance of the calculation whether a given set of orbitals will generate the desired correlated space which limits the general usefulness of this approach.
IV. LOCALIZED MCSCF
The localization procedure changes the character of the occupied orbitals such that each MO corresponds to a distinct bonding or lone pair orbital. For both the end and midpoint geometries of HFi, localization produces a core orbital, one F-Hc bonding orbital, and three lone pairs for each F atom. The four F-centered orbitals are arranged tetrahedrally, relative to the F-Hc bond lying along the F-Faxis. The localized oxygen and nitrogen orbitals in the other complexes adopt the same spatial arrangement. Only End point Energy Sum -199.2695203 0.0275 -199.2695203 0.0275 -199.2695203 0.0275 -199.272 078 9 0.0293 -199.272 078 9 0.0293 -199.272 503 0 0.0302 -199.272 503 5 0.0302 -199.272 515 9 0.0299 -199.273211 9 0.0308 the occupied orbitals which consist of the 0, N, or F interaction with the transferring hydrogen need be included. . The total energies and summation of occupancies using localized occupied orbitals in the MCSCF active space are provided in Tables IX-XII. The localized results for HFi are more consistent than those using canonical occupied orbitals. When either two or three virtuals are utilized, the midpoint correlated space depends on their relative parity. If both gerade and ungerade orbitals are included, there is significantly more correlation. This consideration is removed in the endpoint due to loss of the inversion center so any a orbitals provide the desired correlation. With four virtuals there is a small dependence on the number of orbitals of each parity which becomes slightly more pronounced in the midpoint structure.
The total energies and resulting transfer barriers obtained using localized molecular orbitals in the MCSCF active space are listed in Table XIII for each of the complexes. For HFi, with two vacant orbitals a barrier of -0.074 kcallmol is obtained. Each additional virtual MO included in the active space changes the barrier only negligibly. The only difference compared to the canonical results is that now six virtuals can be employed. The values are in excellent agreement with the MP barriers in Table I . For H 7 Nt, as with HFi, the results are highly consistent, more so than the canonical results. The correlated space is dependent only on the number of orbitals of each symmetry that are included in the virtual active space. It is noteworthy that the addition of virtual orbitals increases the amount of correlation but has a negligible effect on the character of the natural orbitals; it merely adds an additional orbital which has a much smaller occupation. With either two or three virtuals there is no HI involvement in the correlation, but the addition of a fourth virtual incorporates a very small amount. Addition of further virtuals greatly increases the correlation involving the terminal hydrogens, indicating that only four virtuals are needed to adequately represent the proton transfer process. The energies, correlated space, and barriers for H7Nt computed using the two N-Hc orbitals (Table XIII) are virtually identical to the best values obtained with the canonical orbitals.
For H30i, the data in Table XI reveal that localization does not eliminate HI correlation. The calculations using two virtuals are consistent and equivalent to the best obtained using canonical orbitals. However, when four virtuals are employed, the results become erratic. Two quite different, but energetically similar, correlated spaces are obtained for each geometry. The more frequent midpoint result is simply an extension of the two-orbital correlated space, similar to the other complexes. The other result has three orbitals with significant HI incorporation, although the one with the highest occupation is equivalent to the corresponding orbital in the calculations without significant HI correlation. For the end point, all but one of the calculations produces large amounts of HI correlation, with only the largest occupied not possessing HI" While using four virtuals is precarious for this complex, the energies are so close even when the HI correlation is significant, that the barrier listed in Table XIII is reasonably accurate. In addition, the trend of reduction of the calculated barrier for H7Nt and HsOt by -0.4 kcallmol with increase in the size of the active space holds true for this complex as well.
Table XII presents the energies, largest HI coefficients, and occupancy summations for HsOt. The results are again nearly identical to those obtained using the best combination of canonical orbitals. The main difference is that, once again, certain combinations of the midpoint virtual orbitals do not provide sufficient flexibility and correlation because they too closely resemble one another. As with H30i, the initial HI correlation is introduced to a very small degree in the fourth natural orbital. By the time the sixth virtual is included, incorporation of terminal hydrogen interaction is excessive.
Overall, the MCSCF results using localized occupied MOs are encouraging. In principle, the final correlated space should not depend on whether canonical or localized MOs are used. Both the barriers and the correlated spaces calculated using localized orbitals are indeed virtually identical to those obtained from the canonical MCSCF calculations, indicating that the best canonical calculations do effectively eliminate Prr or HI interaction. Localization simplifies the avoidance of unproductive correlation, allowing the desired correlated space to be reached more consistently. There is an additional advantage of localizing the occupied orbitals; the precise character of the virtual orbitals becomes less crucial so there can be small contributions from p" or HI without creating the additional correlation because those elements do not exist in the localized occupied orbitals. Localization also permits use of additional virtual orbitals, increasing the amount of the desired correlation.
v. CONCLUSIONS
The correlated space and thus the quality of a MCSCF calculation is highly sensitive to the choice of orbitals that are included in the active space. It does appear possible to obtain consistent results if one adheres to a set of criteria that include balance of MOs between donor and acceptor atom. Our results indicate that only orbitals which are allowed by symmetry to interact with the transferring hydrogen need be included in the MCSCF active space. In addition, including only virtual orbitals that are devoid of terminal hydrogen or p" character produces the best results, avoiding undesired correlation.
Although the MCSCF calculations are usually able to calculate reasonable proton transfer barriers, the consistency of the results is improved by prior localization of the occupied orbitals. The barriers obtained are equivalent to those obtained from canonical MOs, provided that interactions other than those pertaining to the proton transfer process are removed from the MCSCF active space. Localization of the SCF orbitals relieves some of the difficulty in this task by providing orbitals that do not possess p" or HI character. In addition, localization allows virtuals which have some p" or HI contributions to be included in the MCSCF active space without adding in undesired correlation. The additional virtual orbitals result in more productive correlation and improved transfer barriers.
In summary, MCSCF calculations are inferior to other correlated methods such as M0ller-Plesset for investigating proton transfer reactions. Selection of appropriate MOs to include in the active space is problematic and requires great care. The prognosis is more favorable if the occupied MOs are localized as the desired correlated space can be reached more consistently. When using Boys localized orbitals, the calculated barriers are similar to those of other correlation methods, albeit slightly higher than the M011er-Plesset values obtained with the same basis set. The barriers obtained are -0.80 kcallmol for HFi, 8.1 for H 7 Nt, 3.4 kcal/mol for H 3 0i, and 3.8 for HsOt.
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